however, under light microscopy, this species is easily confused with Pfiesteria piscicida or other Pfiesterialike dinoflagellates (PLDs). These PLDs include Cryptoperidiniopsis (Steidinger et al., 2006) , Luciella (Mason et al., 2007) , Pseudopfiesteria shumwayae (Litaker et al., 2005) and Stoeckeria (Jeong et al., 2005) species as well as Gyrodinium estuariale which has been reported extensively from the Chesapeake Bay. Since 1998, K. veneficum has been documented extensively in the estuaries of North Carolina, while prior to 1998, it frequently was misidentified as Pfiesteria .
It is evident from its ability to cause fish kills that accurate information on K. veneficum abundance is essential for understanding the role of this dinoflagellate in estuarine ecosystems. At present, systematic distribution and abundance data for K. veneficum are limited to a single study in Chesapeake Bay which was based on epifluorescence microscopy (Li et al., 2000) . Unfortunately, because K. veneficum is morphologically similar to various other dinoflagellates, this study, as well as occurrence reports for this species noted in numerous surveys, may be biased. One of the means to overcome this bias is to use species-specific molecular assays, the accuracy of which has improved over the past decade (e.g. Zhang and Lin, 2002; Rublee et al., 2005; Lin et al., 2006a) . For example, a recently developed dual-gene real-time PCR provided high specificity and sensitivity in measuring P. shumwayae and P. piscicida abundance Lin et al., 2006a) . In this study, we developed a K. veneficum ITS -ferredoxin dual-gene real-time PCR assay and investigated the distribution of K. veneficum in estuaries and embayments along the US Atlantic coast (from Maine to Texas) and a limited number of Pacific coastal regions (Seattle, Hawaii, Chile, and Jiaozhou Bay and Xiamen Harbor in China).
M E T H O D Field sample collection and environmental parameter measurement
Surface or near-surface water samples were collected as previously reported Lin et al., 2006a) from Maine to North Carolina (NC) on the US Atlantic coast, and the Pacific coasts of Hawaii, Chile, as well as Jiaozhou Bay (Qingdao) and Xiamen Harbor in China (Table I, Fig. 1A ). In addition, water samples were taken from harbor of Clipper II on Pelican Island in Texas and the dock of the University of Washington, Seattle (Table I) The Neuse River is a shallow highly productive mesohaline lagoonal estuary where K. veneficum has been reported to be associated with fish kills (Fensin, 2004; Fig. 1B) . This system was also reported to have the highest concentrations of P. piscicida along the East Coast of the USA (Lin et al., 2006a) . A 250-mL aliquot of each sample was also preserved on-site by placing the sample in a dark bottle with 2% buffered Utermöhl's (1958) solution. The bottles were packed with ice packs to keep the sample cool and shipped for next-day delivery to the laboratory at the University of Connecticut. In parallel, replicate 100-mL aliquots were filtered thorough 3-mm polycarbonate filters and frozen at 2808C for independent analysis in the NOAA laboratory, Beaufort, NC, USA.
In Long Island Sound, Chesapeake Bay and Narragansett Bay, water samples were collected 2 m below the surface using Niskin bottles mounted on a CTD rosette. Elsewhere, surface samples were taken using a bucket. Subsamples of 250 mL from each station were fixed on-site with Utermöhl's solution with final concentration of 2% and stored in the dark. Temperature and salinity were measured at all sampling sites using a multi-sensor YSI sonde or a thermometer and refractometer, respectively. Chlorophyll a (Chl a) concentration was measured fluorometrically based on acetone extraction (Neuse River, Chesapeake Bay) or in vivo fluorescence (Narragansett Bay). These parameters are available online for Long Island Sound (LISS, 1994) and Chesapeake Bay tributaries (Maryland DNR, 1998) .
Upon arrival at the University of Connecticut, samples were first examined microscopically for the presence of Karlodinium-like dinoflagellates. Samples were then stored in the cold room (48C) until DNA extraction within 2 months (mostly within 1 -2 weeks) for real-time PCR assays as described below.
DNA extraction and quality assurance
After gentle and thorough mixing of the Utermöhl's-preserved samples, a 30-mL subsample was taken from each and DNA extracted as reported . DNA yielded from each subsample was dissolved in 150 mL of 10 mM Tris . HCl buffer ( pH 8.0) and stored at 2208C until PCR assays. Five microlitres of DNA (equivalent to DNA from 1 mL of water sample) was used for each real-time PCR assay. Quality of the DNA was verified by PCR with universal 18S rDNA primers . From the parallel In the parentheses are sampling locations or station numbers in the cruise near the mouth of the bay. *PCR product was cloned and sequenced for some or all samples from the location.
samples, 100 mL of water samples were poured through a 30-mm mesh to remove large plankton and debris and then filtered onto 3-mm polycarbonate membrane filters. Genomic DNA was extracted using a DNeasy Tissue Kit (Qiagen, Valencia, CA, USA) following the manufacturer's protocol Karlodinium abundance was measured using K. veneficum-specific ITS PCR assay developed by Litaker et al. (2003) . Briefly, PCR was run using the conserved forward primer, Dino DUF1 (5 0 GTCCCTGCCCTTTGTACA 3 0 ) and a speciesspecific reverse primer KmDR1 (5 0 AATAGCGATAGC TTCGCAG 3 0 ). Aliquots from a subset of the field samples were also spiked with a small amount of control DNA and amplified to ensure PCR inhibition was not a problem. While the field samples were being processed, parallel extractions were done using samples known to lack K. veneficum which had been spiked with 0, 1, 5, 10 or 50 K. veneficum cells. After PCR amplification, these spiked samples yielded sufficiently different intensity bands on the agarose gel so that the various cell densities could be distinguished. Higher K. veneficum cell densities yielded the same intensity band and could not be distinguished without dilution. To estimate the number of cells present in the sample, the intensity of the amplification products from the field samples was then compared with those from the spiked samples. Though this method was semi-quantitative, it served as an independent check on the qPCR results and to confirm the species distribution.
Development of the dual-gene real-time PCR assay
18S rDNA and the 5 0 -end upstream region of mitochondrial cytochrome b (cob) were used for real-time PCR assays of P. shumwayae and P. piscicida Lin et al., 2006a) . However, our preliminary experiments indicated that 18S rDNA was generally too conserved in Gymnodiniales to design K. veneficumspecific primers. Mitochondrial (mt) genome of many species in Gymnodiniales including K. veneficum contained numerous pseudogenes (Zhang et al., 2007a) and the mt genomic structure differed with strains of K. veneficum , potentially complicating the use of cob for species-specific primers. To obtain primer sets with high sensitivity and specificity, we searched GenBank for reported K. veneficum genes such as 28S rDNA, pcna, light harvesting proteins, ITS and ferredoxin. Primer sets were designed from four of these genes (Table II) and tested against 55 cultures (species or strains) of dinoflagellates Zhang et al., 2007a) and other algae as well as 17 strains of K. veneficum . Two of these primer sets showing the highest specificity and sensitivity were chosen for further dual-gene real-time PCR assay. The first primer set, KvITS1F2 -KvITS2R2, amplified a 386-bp rDNA region including the 3 0 end of ITS1, 5.8S and 5 0 end of ITS2 (KvITS). The second pair of primers, KvFERRF2 -KvFERRR2, amplified a 156-bp fragment of the ferredoxin gene. Dual-gene real-time PCR assay was carried out according to the reported protocol Lin et al., 2006a) with some modification. Briefly, reaction was carried out in a 96-well plate with SYBR Green Supermix on an iCycler iQ TM Real-Time PCR Detection System (Bio-Rad Laboratories, Inc., Hercules, CA, USA). To each well, 5 mL of DNA (equivalent to DNA from 1 mL of water sample), a set of primers (1 mL, KvITS1F2 -KvITS2R2 or KvFERRF2 -KvFERRR2, final concentration 200 nM each) and 6 mL of SYBR Green Supermix were added. The PCR profile consisted of 45 cycles: 15 s denaturation at 958C, 30 s annealing at 588C, 20 s elongation at 728C. Quantification standards were constructed by adding 30, 300, 3000 or 30 000 cells of K. veneficum strain CCMP1975 to 30 mL of filtered autoclaved seawater collected at Avery Point (located at the north shore of Long Island Sound, where no K. veneficum has previously been detected). DNA was isolated following the same procedure as with field samples and dissolved in 150 mL of 10 mM Tris . HCl buffer (pH 8.0). A dilution series of 0.1, 1, 10, 100 and 1000 cells in 5 mL of buffer was prepared and used as the standard DNA for quantification. The accuracy of the real-time qPCR assay was verified by running K. veneficum DNA samples of known cell numbers.
Quantification of field K. veneficum using the real-time PCR assays K. veneficum in field samples was quantified using the real-time PCR with the quality assurance procedure reported in . In brief, two genes were used in parallel in the real-time PCR assay to validate one gene's result with the other's (Zhang and Lin, 2002) . If both genes indicated positive results, the sample was considered K. veneficum-positive with confidence. If the PCR was negative for both genes and DNA was proven amplifiable Lin et al., 2006a) , the sample was considered to be K. veneficum-negative. If results from the two genes contradicted, the PCR product was sequenced to verify 
Cloning and sequencing
Positive results from field samples were considered with caution, especially for samples from locations where K. veneficum had not been reported. In addition to cases of conflicting results from the two genes, products from some templates positive for both genes were sequenced to confirm their identity (Tables III and IV) . In those situations, PCR products were either purified using DNA Clean & Concentrator columns (Zymo Research, Orange, CA, USA) and directly sequenced for both strands (for KvITS), or cleaned by ethanol precipitation and ligated to a T-vector (for KvFERR) . Four of the resultant clones were sequenced on an ABI Prism 377 automated sequencer using the BigDye Terminator Cycle Sequencing Kit (PE Applied Biosystems, Foster City, CA, USA). Each electropherogram was visually inspected to ensure the accuracy of base calls.
Phylogenetic analysis
To compare the degree of variation in KvITS and KvFERR sequences retrieved from field samples, phylogenetic analysis was performed for those sequences. The sequences were aligned using the CLUSTAL X (Thompson et al., 1997) . Phylogenetic trees were constructed using the neighbour-joining (NJ) method (Saitou and Nei, 1987) .
Quantitative data analyses
Differences in K. veneficum abundance between sampling locations and correlation of K. veneficum abundance with environmental parameters were analysed using Student's t-test of the differences and Pearson's correlation coefficients, respectively (Sokal and Rohlf, 1995) . Abundance and environmental variables for Neuse River were plotted against sampling location and time using the Surfer contouring and 3D surface mapping software program (Scientific Software Group, Sandy, UT, USA).
R E S U LT S
The real-time PCR assay
Specificity of KvITS1F2 -KvITS2R2 and KvFERRF2 -KvFERRR2 were verified by positive PCR results for all the 17 K. veneficum cultures and negative for all the other dinoflagellate and other phytoplankton cultures in our laboratory (Lin et al., 2006b) . With the real-time PCR conditions established here, the dilution series of genomic DNA from K. veneficum strain CCMP1975 mentioned previously as the standard, a strong linear correlation between log (cell number) and threshold cycle number (C t ) was obtained. The correlation yielded C t ¼ 24.020 log[cell number] þ 27.269 for KvITS and C t ¼ 23.808 log[cell number] þ 34.818 for KvFERR. The C t values of the replicates in each DNA dilution were almost identical, and all dilutions formed a nearly perfect linear relation with the logarithmic of starting DNA quantity, yielding a correlation coefficient of 1.0 ( Fig. 2A and B ). These equations allowed detection of as low as 0.1 cell per reaction (equivalent to 3 cell per 30 mL water) for KvITS, and 1 cell per reaction (equivalent to 30 cells per 30 mL water) for KvFERR, respectively, within the dynamic range of cell numbers in the standard curves and even ,0.1 cell when the standard curves were extended beyond the dynamic range. This sensitivity of KvITS was a result of the high rDNA and ferredoxin copy Blank, no samples. *PCR product was cloned and sequenced.
H. ZHANG ET AL. j QUANTIFICATION OF KARLODINIUM VENEFICUM BY REAL-TIME PCR numbers in each cell (Zhang and Lin, 2002; Zhang et al., 2007b) . These standard curves gave accurate estimates of cell abundance for K. veneficum culture samples (data not shown). For all the field-collected samples analysed in this study, the two genes also gave highly correlated results (Fig. 2C ). In the cases of .5 cell mL
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, ITS and FERR results were on or very near the 1:1 line. When cell abundance was lower (especially ,1 cell mL 21 ), some discrepancy occurred between the two genes, partly due to decreased accuracy near the detection limits of the two genes.
Overall distribution and abundance of K. veneficum in natural environments
In total, 278 field water samples from 56 stations were analysed. In several water samples from Neuse River, Chesapeake Bay and Narragansett Bay, a few Karlodinium-like dinoflagellates were observed in 1-mL subsamples examined under the microscope. By realtime PCR, a total of 127 field water samples yielded positive results, accounting for 45.7% of the total samples analysed. Seventy-nine of the field samples were positive for both genes, 39 positive for KvITS only and 8 positive for KvFERR only (2 for Maryland and 6 for Long Island Sound samples; Tables I, III-V). K. veneficum was detected at all geographic locations along the east coast of the USA by one or both of KvITS and KvFERR primer sets except in Boston Harbor. K. veneficum was detected most frequently in Neuse River (70.8%), followed by Narragansett Bay samples (70%) and Chesapeake Bay samples (52.9%), and only occasionally in Long Island Sound and Maine.
The highest abundance (1648 + 180 cells mL . Overall, results from both genes were consistent. When K. veneficum abundance was close to detection limit (1 cell mL 21 for KvFERR), the two genes could give conflicting results.
Spatial and seasonal distribution of K. veneficum and environmental variables
Estimated abundances of K. veneficum in the Neuse River estuary (NC, USA) during the sampling period ranged from 0 to 1776 cells mL 21 by KvITS and 0 to 1523 cells mL 21 by KvFERR. Seasonal changes of K. veneficum abundance were observed at all five sampling stations (Fig. 3A) . During the sampling period (Fig. 3B) Litaker et al. (2003) showed a similar distribution pattern (data not shown).
Temperature, salinity and chlorophyll concentration changed remarkably during the study period in Neuse River, where water samples were collected biweekly through July 2002 to July 2003 (Fig. 3A) . During the 2002 period, the rainfall and runoff patterns were more normal which resulted in typical mesohaline conditions. In contrast, the 2003 period was abnormally rainy which resulted in much lower than average salinities in the estuary, particularly during the summer months (Fig. 3A) . Chl a appeared to be higher during the rainy period of 2003 and lower in 2002 in general ( Fig. 2A) . A plot of estimated K. veneficum abundance versus environmental variables did not reveal a particular correlation between K. veneficum abundance and temperature (Fig. 4A) , salinity (Fig. 4B) or Chl a (Fig. 4C) . However, a closer examination showed that K. veneficum abundances were ,1 cell mL 21 between 0 and 3 psu; whereas, from 4 to 20 psu, the maximal abundances observed at any given salinity increased from 1 to over a 1000 cell mL
21
. In contrast to salinity, a plot of K. veneficum abundance versus temperature (4 -30.58C) showed highest abundances at the range of 5 -158C followed by 25-308C (Figs 3 and 4A) . A plot of K. veneficum versus Chl a (2 -105 mg Chl a L
) indicated that the abundances failed to track average Chl a concentrations ( Figs 3A and C) .
K. veneficum was rare in Long Island Sound. Of the 75 samples analysed, only 2 samples indicated positive results by KvITS and 6 by KvFERR (1 positive from H2 for both markers; Table I and Fig. 5 ), and 7 of these were from the western Sound. The highest K. veneficum abundance throughout the study period detected by KvFERR was 4.2 cells mL 21 observed in the western Sound (A2 station) (Fig. 5) . Samples that were positive for K. veneficum came from salinities from 0 to 15 psu, temperatures from 26 to 28.38C and Chl a concentration from 1.5 to 29.2 mg Chl a L 21 (Fig. 4F) (Tables I and IV) . In Rhode Island, the highest abundance of 28 (46) Environmental data from locations outside the Neuse River estuary were more limited and did not allow for analysis of each study site. When data from these locations were pooled, K. veneficum appeared to be more abundant within the range of 20-258C (Fig. 4D) , though no direct correlation between abundance and temperature was apparent. In Washington and Hawaii, where no K. veneficum was detected, the temperature and salinity at the time of sampling were 178C, 30 psu and 258C, .27 psu, respectively. In Jiaozhou Bay (temperature 6.5-8.08C with a salinity of 20.5 -31 psu) and Xiamen Harbor (subtropical, temperature 17.2-17.48C with a salinity of 32-33 psu), China, K. veneficum was also undetected.
Nutrient data were available only for Long Island Sound and Chesapeake Bay ( partial). In Long Island Sound, concentrations of total dissolved inorganic nitrogen (DIN, including NH 4 , NO 2 2 , and NO 3 2 , calculated as molar concentration equivalent of NO 3 2 , same hereafter) and phosphate (PO 4 32 ) ranged from 0.03 to 6.40 mM and 0.053 to 1.38 mM, respectively. The average DIN and phosphate concentrations were 5.32 + 1.76 mM (n ¼ 13) and 1.46 + 0.62 mM (n ¼ 13) at station A2, and 2.32 + 1.92 mM (n ¼ 10) and 0.72 + 0.41 mM (n ¼ 10) at station A4, respectively. Station abbreviations are as shown in Figure 1 and Table 1 .
Concentrations of DIN and phosphate declined to 0.65 + 0.0.44 mM (n ¼ 9) and 0.27 + 0.12 mM (n ¼ 9), respectively, towards the eastern end of the Sound at station M3 (east of K2). The highest K. veneficum abundance was detected at a DIN concentration of around 4.84 mM and dissolved inorganic phosphate (DIP) of 1.05 mM. K. veneficum was observed more frequently in the western Sound (A1, A2 and A4) (Fig. 5) , but was also detected in the central Sound (H2) where the concentration of DIN was 0.03 -2.69 mM and DIP 0.13 -0.92 mM. DIN concentrations at stations CCM0069, TRQ0146 and XAK7810 in Chesapeake Bay ranged from 0.21 -1.82, 0.55 -1.08 to 1.34-3.08 mM during the study period, with an average of 1.19 + 1.21 mM (n ¼ 8), 0.85 + 0.26 mM (n ¼ 6) and 2.97 + 1.71 mM (n ¼ 8). Phosphate concentration was 0.05-0.18 mM (0.19 + 0.17 mM, n ¼ 8), 0.04 -1.31 mM (0.58 + 0.58 mM, n ¼ 6) and 0.16 -0.73 mM (0.27 + 0.17 mM, n ¼ 8). Of these stations, K. veneficum was detected most frequently at TRQ0146 where DIP was highest, but none was detected at XAK7810 where DIN was most elevated. The average DIP:DIN ratio for CCM0069, TRQ0146 and XAK7810 was 0.16, 0.68 and 0.09, respectively, also being highest at TRQ1460. Based on pooled data from Chesapeake Bay and Long Island Sound, no significant correlation between cell abundance and nutrient concentrations was found. Similarly, when Chl a data from all locations other than Neuse River were pooled, no significant correlation was detected.
Genetic diversity
Out of 22 selected KvITS-positive PCR products from a wide range of geographical locations (Texas to Maine) (Table II) , 19 (North Carolina to Maine) had identical KvITS sequence with K. veneficum strain CCMP1975 (EF036540, initially isolated from Chesapeake Bay, MD, USA), 1 (TX, USA) with 1-nt substitution and 2 Narragansett Bay samples identical to K. veneficum strain CCMP415 (initially isolated from Norway, differing from CCMP1975 by a 2-nt deletion) (Figs 6A and 7A) . For KvFERR, however, 14 sites of nucleic substitution were detected for the 25 selected positive samples compared with the reported K. veneficum ferredoxin (EF134095) (Fig. 6B and 7B ). Ten of these occurred in the thirdcodon position and did not change the encoded amino acids. Two first-codon position and one second-position changes were detected in the station A1, April 2003 sample, and one second-position change was detected in the station A2, 3 June 3 2003 sample from Long Island Sound. The extensive third-codon position substitution in ferredoxin agreed with our previous report (Zhang et al., 2007b) , indicating gene duplication of ferredoxin in this species. Sixty-four percent of the clones from all K. veneficum-positive areas showed a small variability both between different areas and within the same area. These clones formed clusters distinct from the cluster of documented K. veneficum sequences (Fig. 7B) . The variation ranged 1-2 nt substitutions within the 386 bp (or 384 bp) KvITS fragment or 1-4 nt substitutions within the 156-bp KvFERR fragment. Overall, sequences of these genetic variants differed from K. veneficum by 0-0.5% for KvITS and 0-2.5% for KvFERR.
D I S C U S S I O N The KvITS-KvFERR real-time PCR assay
We have shown that the real-time PCR assay developed in this study is sensitive and specific to detect K. veneficum. The sensitivity of the primers is demonstrated by the low detection limit, which allows for detection of K. veneficum in low quantities (0.1-1 cells per mL 21 water sample) when detection by microscopy would be very difficult (Coyne et al., 2001; Lin et al., 2003) . The specificity of the assay is shown by a series of analyses. PCR with KvITS and KvFERR primers yielded no products for non-K. veneficum species, and both consistently produced positive results for cultured K. veneficum. When applied to field samples, more then half of the samples were negative with respect to both genes. The two genes consistently gave positive results in most cases when K. veneficum abundance was .1 cell mL
21
. Conflicting results arose between the two genes only when K. veneficum was near the detection limit. In these cases, sequencing of the PCR products from one gene confirmed that the detected organisms were the documented genetic clone of K. veneficum or closely related genetic variants. Therefore, no non-specific PCR products were yielded by this PCR assay. Furthermore, estimates of K. veneficum abundance based on these two genes were in good agreement. When cell abundance was .5 cells mL 21 , the two genes gave nearly identical results (Fig. 2C) . Below this abundance, discrepancy occurred. The disparity became more pronounced when the cell abundance was below 1 cell mL
. This is likely because FERR has a detection limit of 1 cell mL 21 , whereas ITS a limit of 0.1 cell mL
, and when the cell abundance is near or below the detection limit, accuracy decreases. With the general consistency of the two genes demonstrated, it is possible to use the more sensitive KvITS alone with confidence in the future, with KvFERR being used occasionally to verify results. Estimates of abundance .5 cells mL 21 can be accepted with high confidence.
Wide distribution of K. veneficum and relationship with environmental factors
In the present study, K. veneficum was detected from a wide geographic range from Texas to Maine on the US Atlantic coast, confirming that it is a cosmopolitan plankton species (i.e. Li et al., 2000) , similar to Pfiesteria spp. Lin et al., 2006a) . K. veneficum was also found to tolerate a broad range of salinity and temperature conditions ranging from 4 to 308C and from 0 to 32 psu. These observations are in general agreement with those of Li et al. (2000) . The more detailed data from the Neuse River estuary, NC, USA, further indicated that the highest abundances of K. veneficum occurred when salinities were between 5 and 20 psu (Fig. 4B) . Therefore, the difference in the salinity regime accounted for why K. veneficum abundances were generally higher over most of the estuary during 2002 than in 2003 (Fig. 3A) . Whether maximal K. veneficum densities would increase at higher salinities was impossible to determine from the available data as the maximal salinities observed did not exceed 20 psu. Similarly, the highest densities from the Table I ); LIS, Long Island Sound in Connecticut; NB, Narragansett Bay in Rhode Island; BH, Boston Harbor in Massachusetts; ME, embayments in Maine and adjacent areas.
Chesapeake occurred at 15 psu with higher salinities also not observed in the study region. The highest concentrations in Long Island Sound and Narragansett Bay, which were lower than those observed in the other two systems, occurred at 26.5 and 32.5 psu, respectively. The combined data indicate that K. veneficum can grow well over a wide range of salinity (5-30 psu). Interestingly, K. veneficum abundance appeared to be higher at two temperature ranges (5-15 and 25-308C) in Neuse River, but at 15-258C in other locations (Fig. 4A and D) . When these results are combined, K. veneficum can grow well at a wide range of temperature (5-308C), but a linear correlation is not observed. When all data are considered together, K. veneficum was more abundant at 5-158C and 4-20 psu in this study. Effects of nutrient concentration on K. veneficum abundance remain unclear based on the limited nutrient dataset for Long Island Sound and parts of Chesapeake Bay. There was also no clear relationship between K. veneficum and overall Chl a concentration observed in this study. This is of interest because laboratory culture studies have consistently shown that K. veneficum grows faster when feeding mixotrophically on algal prey compared with autotrophic growth at the same irradiance (Li et al., 1999; Adolf et al., 2006b) . One possibility is that K. veneficum growth depends more on a particular type of phytoplankton, i.e. cryptophytes, than the total phytoplankton assemblage (total Chl a), as has been shown recently .
With the limited data available from Hawaii, Chile, and China, it is impossible to determine whether the lack of positive K. veneficum samples in this study represents a true difference in distribution or inadequate sampling. Because K veneficum has been reported previously from Australia (Hallegraeff, 1992) , the Baltic Sea (Hällfors, 2004) , Barents Sea (Matishov et al., 2000) , China (Yuan et al., 2004) , England (Ballantine, 1956; Parke and Dixon, 1976; Bergholtz et al., 2005) , Norway (Bjornland and Tangen, 1979; Dahl and Yndestad, 1985) , Nova Scotia, Canada (Kim et al., 2004) , South Africa (Braarud, 1957; Pieterse and Van Der Post, 1967) , southern Scandinavia (Hansson, 1997) , Spain (Garcés et al., 2006) and New Zealand (Ponikla, 2007) , it is likely that the lack of detection is due to sampling bias.
Relative abundance of K. veneficum and P. piscicida Both K. veneficum and P. piscicida have been implicated as causative agents for fish kills in both the Neuse River estuary and in Chesapeake Bay (e.g. Deeds et al., 2002; Brownie et al., 2003; Place et al., 2007) . However, there were no reports of fish kill in this study period. Accordingly, the overall abundance of these two organisms, usually ) for P. piscicida, was both markedly lower than putative fish kill thresholds [5000-10 000 cells mL 21 for K. veneficum (Fensin, 2004) and 300 cells mL 21 for P. piscicida Glasgow, 1997, 2002) ]. The maximum abundance of K. veneficum we detected (.1600 cells mL 21 ) was .16% of the fish kill threshold of this species, whereas the maximum abundance of P. piscicida we detected in the same study period from the same areas (1.1 cells mL 21 ) was ,1% of this species' fish kill threshold. Furthermore, if the Neuse River and Chesapeake Bay are considered together, the frequency of K. veneficum positive samples was 71.6% compared with 37.2% for P. piscicida (Lin et al., 2006a) . Although the results of this study are not conclusive as to which of these two dinoflagellates were more likely to be responsible for the fish kills in the previous years, the real-time PCR protocol developed here and in our previous study (Lin et al., 2006a) will facilitate quantitative analysis of these two organisms during fish kill events in the future to identify the causative species.
Genetic diversity
Out of the 22 selected positive samples from a wide range of geographic locations, 19 of them had identical KvITS sequence with K. veneficum strain CCMP1975 and 2 were identical to K. veneficum strain CCMP415 (2-nt deletion comparing to CCMP1975). This result agrees with the previous study that K. veneficum in coastal Atlantic waters from Florida to Maryland has identical ITS sequence . It is worthwhile to note that two K. veneficum positive samples from Narragansett Bay, RI, USA, had identical ITS sequence with that of CCMP415, a K. veneficum strain originally isolated from European waters (Norway). The level of genetic variation between K. veneficum populations appears to be similar to that between populations of Pfiesteria spp. (Coyne et al., 2001; Lin et al., 2006a) . It is likely that this variability represents the variation among different gene copies within each cell. Gene duplication is a characteristic of dinoflagellate nuclear encoded genes (Zhang et al., 2006) . In this context, KvITS is a preferable marker over KvFERR because from the same strain only one single gene sequence has been detected (i.e. gene copies sharing an identical sequence). In our previous study, we used cob and its 5 0 -end region as the marker for the quantification of Pfiesteria spp. also because only one single sequence was detected Lin et al., 2006a, b) . In K. veneficum, the presence of pseudogene copies of cob with variable 5 0 -upstream region limits the utility of this gene marker. Interestingly, variations among Ferredoxin gene copies are largely restricted to the third-codon position, and it is unclear whether the variations have come from duplicationderived gene copies. If so, the K. veneficum populations from these geographic locations can be identical with respect to this gene locus, which would in turn imply a possibility of rapid (human-activated) transport of this species to different locations. Otherwise, the generally high genetic identity suggests that these different geographic populations of K. veneficum might have been separated only recently from a common origin.
